Keywords: feature extraction, laser stripe, structured-light sensor, 3D measurement Abstract. The contour extraction of laser strip is the most critical part of the 3D measurement based on line-structured laser scanning, and its accuracy and robustness directly affects the performance of the system. For the problem that the width of the stripe changes with orientation or reflectivity on the surface, an improved self-adaptive extraction methods is proposed based on Steger's algorithm. In this method, a fixed scale is firstly chosen according to the width of laser beam to convolute the image with Gaussian kernels and get the hessian matrix of every point, then calculate the width along normal direction. The contour of the complex stripes is extracted with sub-pixel accuracy by combing the character that the second derivative takes different extremums for different width under fixed scale space. The validity and superiority of the method are tested separately and the results show excellent performance on extracting the precise contour of complex strips with variable width.
Introduction
The efficiency, precision and robustness of the algorithms for contour extracting from image with stripes, which are the critical parts of 3D measurement based on line-structured laser scanning, directly affect the performance of the measurement system [1] .Some excellent methods are proposed by the researchers who stress the improvement of efficiency and precision [2, 3, 4, 5] . However, there are few methods for the contour extracting from complex laser stripes where the width of the stripe changes with orientation or reflectivity on the surface. In fact, the contour extraction for complex stripes is still a problem for 3D measurement system based on line-structured laser scanning.
Liu Tao [6] came up with a curve fitting method based on adaptive window for extracting the stripe center. In his method, column-by-column scanning is used firstly to get the width of the stripe, then centroid method is used to get the initial center, lastly the Gaussian curve fitting of fixed scale is used to get the real center. However, this method is only suitable for the extraction of simple straight stripe but not the complex stripes with variable curvature and width. Gao Shiyi [7] came up with an extraction method of laser stripe based on varied-boundary Gaussian fitting. Based on the effection of the variety of stripe width on the Gaussian fitting, the width is calculated firstly to fit the stripe data in a variable range depending on the width calculated before. As though the precision is elevated, there are some problems: Gaussian fitting by logarithmic will make the logarithms to infinite while the gray value of the background will be zeroes. And calculating the width only by columns or rows will be not suitable for complex laser stripes with variable curvature. Mei Tiancan [8] came up with a method of light stripe detection under ambient light. In this method, confidence is embedded to detect the edge of the structured light and the center point is extracted based on the property that the light stripe has two anti-paralleled edges. However, the resolution of 3.2mm at range of 8m~14m is not that high. Li Fengjiao [9] came up with a extraction method based on multi-scale analysis. In this method, the initial central points is calculated by skeletonizing method, then multi-space Gaussian kernels is convoluted depending on the width of the initial central point. The skeleton of a region is defined via the medial axis transformation (MAT).Although the MAT of a region is an intuitive concept, direct implementation of this definition is expensive computationally, as it involves calculating the distance from every interior point to every point on the boundary of a region [10] .
It's necessary to study the extraction of central positions in image with complex stripes, which will elevate the robustness of the 3D measurement system based on line-structured laser scanning. In this paper, an improved self-adaptive method of contour extracting from complex stripes is proposed based on the method of Steger. In this method, the second derivative along normal direction is studied to get the self-adaptive judgments of the real central position of laser stripe under a fixed scale space. The result shows that the improved method is suitable for the contour extraction of complex stripes with variable width and curvature.
Principle of the Algorithm
In Steger's method, σ is analyzed in the models for line profiles in 1D [11] .The second derivative does not take on its maximum negative value for small σ, and it's close to zero for σ≤0.2w,and there are two distinct minima in the interval [-w,w]. So the condition σ≥w/√3 is hold to ensure that the second derivative take on its maximum negative value. The bar-shaped lines can be detect by choosing the right σ with the restriction σ≥w/√3.However, this restriction make it's hard to choose a fixed scale for the images of complex laser stripes with variable widths and curvature. The result is that the second derivate does not take its maximum negative value for all the centers of the stripe. The fixed threshold of second derivative will make the loss of extraction of center points. That's the reason why some methods based on Steger's will not be suitable for stripe with variable width.
Based on the analysis on the distribution characteristic of the second derivative at the central points under a fixed-scale space, an improved extraction method is proposed. Take a bar-shape stripe with full width of 1-50 pixels as an example ( Fig.1 (a) ). Scale σ is determined by the median width. σ=25/√3. Fig.1 (b) shows the distribution of second derivative. And Fig.1(c) shows the different distributions at different widths. It shows that the second derivative take on its maxima negative value for widths 1~25 pixels, where the restriction σ≤w/√3 is satisfied. It takes on its minima negative value for width w>25.This feature can be used to detect the initial center of the stripe of variable width. The method can be implement by two steps in detail.
Convolution with fixed-scale
Set the 2D matrix of the image as f(x,y) and convert it to binary function by suitable threshold. Choose the fixed scale by the median width wc of the laser stripe. In the stripe region, calculate the Hessian matrix by convolving f(x,y) and Gaussian kernels. The normal direction (nx,ny) can be calculated by normalize the eigenvector corresponding to the eigenvalue of maxima absolute value. 
Self-adaptive judgments
Based on the analysis above, the second derivative along the normal direction takes different extremums at the real center of the laser stripe, no matter when the width along normal direction restriction is hold or not. The second derivative along the normal direction takes maximum negative value for width: w≤ wc, and takes minimum negative value for width: w≥ wc. So the width along the normal direction must be calculated. For the point with normal direction (0,1) or (1,0),the width can be scanned along column or row, and for the other points the width can be estimated by Pythagorean proposition. Combine the width and the corresponding judgment to detect the initial center of the stripe, which is the elevation from Steger's method.
However, self-adaptive judgments is just a prerequisite, the property that the first directional derivative along (nx,ny) takes zeroes within the initial central pixel must be combined to calculate the sub-pixel center of the stripe [11] . 
Results and Analysis
Two groups of experiments are implemented to examine the validity and superiority of the method proposed above. The width of laser beam is 500um and it takes 50 pixels at the CCD with lens (6~12mm,1/2",1:1.6) Experiment A. Comparison of contour extraction results of stripe with uniform width by Steger's method and the method proposed.
In this experiment, the reflectivity is uniform on the surface of the material in order to ensure the uniformity of the width in the image. . It is shown that the contour extraction result by the method in the paper is the same with width that of Steger's. In fact, the result can be preconceived as the second derivative takes maximum negative value for all central points (Fig.2(c) ), which satisfies the common judgment with Steger's method.
Experiment B.Comparision of contour extraction results of stripe with variable width by Steger's method and the method proposed.
For an image of complex stripe of the object with width 5~30 pixels, which caused by the variable reflectivity on the surface, different methods is used to extract the central points. Fig.3(a) shows the extracting results by Steger's method. The contour extraction is valid only in the region with uniform width, and some central points is missed in the region with width w≥17, where the surface reflectivity changes. Fig.3 (b) shows the contour extraction using the improved method by taking wc=17. Fig.4 shows the distribution of the second derivative in the region with complex stripe. It shows that the second derivative takes maximum negative value for width w≤wc but takes minimum negative value for width w≥wc. It is obvious that there are symmetrical minimums distributed beside the central pixel along normal direction where w≥wc. That is to say, the fixed judgment of Steger's method leads to the error of the extraction. That's why the self-adaptive judgments are necessary for the extraction of complex stripe. In fact, it is the self-adaptive judgments that make the contour are extracted correctly. The validity and superiority of the method is examined by the two groups of experiment. Different judgment for different width is the key point of the algorithm. However, the calculation of stripe width along normal direction increases the extracting time, but some measures, such as ROI [3] , are taken to decrease the extracting time as far as possible. 
Conclusion
Based on the Steger's method, an improved self-adaptive contour extraction of complex stripe is prosed in this paper. The method can be used in 3D measurement based on line-structured laser scanning, especially for the object with variety of reflectivity on the surface. In this method, the scale is chosen by the median width of the complex stripe, which is used to convoluting the images with Gaussian kernels, then the self-adaptive judgment is used to calculate the initial central points. Lastly the sub-pixel contour is extracted by calculating all the sub-pixel central positions by Taylor expansion. The method solve the problem of contour extraction from complex stripes, with the advantage of subpixel accuracy is kept from Steger's method.
